The high redundancy actuation concept is a completely new approach to fault tolerance, and it is important to appreciate that it provides a transformation of the characteristics of actuators so that the actuation performance (capability) degrades slowly rather than suddenly failing, even though individual elements themselves fail. This paper aims to demonstrate the viability of the concept by showing that a highly redundant actuator, comprising a relatively large number of actuation elements, can be controlled in such a way that faults in individual elements are inherently accommodated, although some degradation in overall performance will inevitably be found. The paper introduces the notion of fault tolerant systems and the highly redundant actuator concept. Then a model for a two by two configuration with electromechanical actuation elements is derived. Two classical control approaches are then considered based on frequency domain techniques. Finally simulation results under a number of faults show the viability of the approach for fault accommodation without reconfiguration.
e.g. electronic pedal and electrically driven throttle or injection, are rendered fail-safe by the mechanics [5] . The disadvantages of mechanical backup systems are that they are costly, heavy, passive safety-critical, and do not provide enough freedom to tap the potential of the electrical systems.
Drive-by-wire systems without mechanical backup generate electrical commands through the driver and transfer them to computer-controlled electromechanical actuators, a scheme that is usually not fail-safe but has fault-tolerant properties [5] .
A general fault-tolerant system comprising FDI and reconfiguration (R) scheme (as proposed in [1] ) is illustrated in Fig. 1 . The solid lines represent signal flow, and the dashed lines represent adaptation. The supervision system will reconfigure the actuator and/or sensor sets, and adapt the controller, based on the faults information collected by the FDI unit together with the inputs and outputs of the system, to accommodate the fault effects, generally though redundancies which are connected, usually in parallel. 
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This paper proposes an alternative route to fault tolerant actuation compared with the approaches discussed above. The high redundancy actuator (HRA) suggested comprises a relatively large number of actuation elements in a matrix-like structure comprising not only parallel structure but also series structure. Different from some other fault tolerant control design against actuation failures using active method, i.e. reconfiguration [6, 7, 8] and adaptive algorithms [9, 10] , faults in individual actuation elements in the HRA are inherently accommodated through mechanical redundancy structure and robust control. In this design, the FDI unit may still be used for monitoring, but it is no longer strictly necessary and no reconfiguration of the controller or hardware will be needed. Instead the actuation elements work together to complete the system's objective by using the redundancy which is inherent in the structure. The HRA provides the fault tolerant ability to a component level. It combines redundancies not only in parallel, but also in series, and makes them working together under both healthy and faulty situations. When faults are injected into actuation elements, performance degradation can be expected. In practical design, it is generally unreasonable to expect a handicapped system to perform as effectively as when it is healthy. For example, the degraded performance for dynamic behaviours for an aircraft may include slower climbing rate, wider turns, slower acceleration, and other manoeuvrability [11] . For the HRA in a tracking system, the performance degradation could includes longer rise time, longer settling time, bigger overshot, but the main purpose should still be achieved, i.e. zero steady state error. If this method can be proven to work, the advantage would arise through removing the possibility of faults occurring within the FDI unit and supervision system.
Several possible structures are shown in Fig. 2 . At this stage no attempt has been made to find the optimal structure for the actuators, nor have the authors attempted to identify the "best" technology for actuator with a view to discovering whether controlling such structures without reconfiguration is viable. Hence, the paper is structured as follows: work on modelling is presented in section 2; the control design using a classical approach is covered in section 3; then in section 4 a selection of simulation results is presented to give an indication of performance in the presence of faults alongside the fault-free case; the paper concludes in section 5, including comments on the future direction of this research. 
Modelling
This section begins with modelling of an individual electro-mechanical actuator (the sub-actuation element inside the HRA). [An electro-mechanical actuation is chosen as the technology for this study because it is used in many industry applications, including manufacturing, process plant, railway vehicles and aerospace systems.] Next, four fault models which can affect electro-mechanical actuator will be introduced. Finally, in section 2.3, a model of a four elements two-by-two actuator will be constructed. 
Modelling of individual actuator
The electro-mechanical actuator can be considered as having two parts. One is the D.C. motor, which generates the torque, and the other is the mechanical structure (screw and nut), which translates the torque generated by the motor to the load. A schematic representation of the actuator with a load is given in Fig 3, and the free body diagram is shown in Fig. 4 .
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Motor series stiffness From the free body diagram, it's straightforward to obtain the differential equations: 
Combining the electrical (2. The Simulink model is used in the time domain simulation and allows fault injection. However, to facilitate control design (in MATLAB), it is also possible to obtain the linear model in the state-space form:
The state vector is chosen as The meaning and value of the parameters and states are listed in Table 1 . The motor parameters come from a real D.C. servo motor provided by McLennan Servo Supplies Ltd, Industrial DC Servo Motor M543E [12] . The other mechanical parameters are derived from [13] . The actuator faults can be divided into two types: motor faults which occur in the D.C. motor as electrical faults, and the mechanical faults which happen in the components where the torque is transferred to the load. The faults considered are summarised below.
Individual actuator faults
Overheating: This may either be caused by insulation breakdown leading to shorted turns, or to some field demagnetisation. In both cases it will cause reduction in the voltage constant e K and the torque constant t K .
Open circuit: The effect is that the resistance of the rotor will be very large so that almost no current will flow. Hence no torque will be generated by the motor.
Backlash: Generally, the backlash effect occurs due to wear in the screw/nut mechanism. Its effect can be described using a dead-zone [14] .
Lockup: Excessive wear in the screw/nut mechanism may create mechanical interference within the mechanism such that the actuator becomes locked. This fault is serious as it can not be solved (by reconfiguration) at the signal level.
Modelling of two by two configuration
Having developed the basic (sub-actuator) model, it is relatively straightforward to build multi-actuator systems by combining the individual sub-actuators. There are two basic configurations to connect two individual actuators, one is in series and the other is in parallel. In the series configuration, one actuator is connected at the end of the other thereby doubling the extension length and velocity. In the parallel configuration, two actuators are connected to push/pull the same load so that the force output is Ms Mm
Ms Mm respectively; t1 and t2 denote top actuator 1 and 2 as described in the equivalent model. According to the free body diagram, the following representation of the mechanical part can be obtained: 0   2  2  1  1   2  2  2  2  2  2   2  2  2  2  2  2  2  2   2  2  2  2  2 
The equations for each of the four D.C. motors are identical to those for the individual actuator and it is assumed that all sub-actuation elements are driven from the same power supply. Assuming that all four actuators are identical, each actuator has the same parameter values as shown in Table 1 The aforementioned models can be used for control design and test of the closed-loop system under fault scenarios in Simulink.
Control Design
PID controllers as well as lead/lag compensator networks have been very successful classical control structures utilised in a number of industrial applications. It is rather straightforward to derive the required transfer function relationship needed for classical control design from the state space model.
In particular, a position control design is followed, using two control schemes, i. 
Controller design
First, the voltage-driven controller is considered. Since the open-loop system gain is very small at low frequency (see Fig. 11 ), a proportional controller with a gain of 1000V/m is chosen for the global position controller to raise the magnitude without overloading the D.C. motor. After the compensation, the phase margin (P.M.) is 83.7deg and the gain margin (G.M.) is 11.4dB so that no other compensator is needed. The closed-loop bandwidth is about 1Hz for the overall feedback system. Very similar performance can be seen for both voltage-driven and current-driven control structures because of the design process. But to get such similar performance, the output voltage of the current-driven controller is limited at 40V while the maxim output of voltage-driven controller is 60V, which means the system using current-driven structure can be faster than the one has been designed.
The benefit of these systems having similar performance is that the behaviour of both schemes can be compared when faults are introduced.
Simulation results
In sections 2 and 3, a two by two series-in-parallel configuration for a HRA has been modelled and controllers have been designed. In this section, the HRA is tested under fault-injected situations. Both the controller and the control structure remain unchanged when the fault is injected (i.e. there is no reconfiguration).
Four kinds of actuator faults are modelled: Overheating, Open circuit, Backlash and Lockup. It should be noted that lock-up (fail-fixed) and open-circuit (fail-loose) are considered to be worst cases.
The Bottom 1 sub-actuator, as shown in Fig. 6 , is chosen as the fault injected element. Two kinds of control set-point input will be used for testing purpose, a step signal and a ramp signal. Both time and frequency domain performances will be compared to see how much degradation occurs in performance when faults are injected. It should be noted that in the results below the actuator load is a moving mass, M, (see fig 7) . Application of other loads, such as applied external forces, was found to have very little effect on the overall results.
Step response
A 0.06m step signal will be used to test the step response of the SP configuration under both control structures. Fig. 13 shows the performance of the HRA using classical voltage-driven controller under healthy and locked up situations. In the figure, the key parameter is the actuator position (third from top) which responds to a step in set-point from 0m to 0.06m at a time of 0seconds. It can be seen that the performance is slightly degraded (in terms of rise and settling times), but that the set-point is achieved even in the case of the locked fault. Other performances in both time and frequency domain (for this fault case and others) are summarised in Table 2 . From the table listed above, firstly, the HRA can reach the reference position under all fault situationsand the degradation when faults are injected is not judged to be significant. For both controllers, the worst case is the lockup fault. With the level of redundancy being considered here, this kind of fault is more serious than the others because it can not be solved on a signal level. When this happens to an individual actuator, it only can be accommodated through redundancy rather than through a robust controller; hence degradation can be seen and expected.
For these two control structures, although performance degradation can be seen when faults are injected, it is hard to say which one is more sensitive to faults. It is possible to observe that there are bigger changes in bandwidth when faults occur in the voltage control case. However it's settling time is affected less than that of the current control. The changes in rise time are of a similar magnitude in both cases.
Ramp response
Fig. 14 Position and velocity input
A ramp position input is created between -0.6m and 0.6m with a slope of 0.2m/s. The velocity input is a step signal, while the position input is a ramp signal. The HRA uses the same controllers designed for the fault-free case via position feedback information. The command signal is shown in Fig. 14.
The coefficient of determination for both position and velocity output is calculated in each case. This is a statistical metric that measures how well the output tracks the input. It is given by the following equation:
where e is the error between the input and output, d y is the input value. The results of determination values are listed in Table. 3 using two bar diagram to make it more visual.
Again, the Bottom 1 sub-actuator element is selected as the injected by faults. Five situations are listed.
First is Healthy situation, and the others are Overheating, Open circuit, Backlash, and Lockup situations separately. Inspection of table 3 reveals that performance degradation can be found when faults are injected and the worst case is for the lockup fault, especially using current-driven control structure. The results also suggest that the voltage-driven structure is more suitable for position tracking while the current-driven structure is more suitable for velocity tracking (because a bigger value of determination coefficient for position is obtained in the voltage-driven structure while a bigger value of determination coefficient for velocity is found with the current-driven structure). The reason is due to the fast current inner loop added to the current-driven control structure. Since the current is a higher order state inside the HRA so that it makes the HRA easier to track a velocity or/and force command when current inner loops added. From this point of view, it can be concluded that the current-driven control structure is not as effective for position tracking purpose while the voltage-driven control structure can work on both position and velocity tracking purposes although a better performance can be obtained for a position tracking purpose.
Conclusion
The HRA is a novel actuator concept which provides the ability of fault tolerance without reconfiguration because it comprises a relatively large number of sub-actuation elements. This paper presented a linear model of a relatively simple two by two configuration of the HRA, as well as two candidate controllers designs based on a classical approach. The model has been set up and tested in MATLAB/Simulink. Four fault scenarios, including electrical and mechanical faults, were modelled to test the fault tolerance ability of the HRA. The simulation results show some performance degradation occurs when faults are injected into one of the actuation elements, but the HRA can still complete the whole function without any reconfiguration at either mechanical or signal level. According to all these results, it's straightforward to conclude that the high redundancy actuator is relatively easy to control in both healthy and faulty situations. Both control structures proposed appear to be suitable for the task and there is little to choose between them.
For future work, extensions include testing the actuator with a large range of faults. More importantly the two by two configuration will be extended to four by four (and ultimately to higher dimensions), to ensure that the concept scales up. It should be noted that the models used in this study are linear, whilst actuators such as this do not generally exhibit high degrees of non-linearity, the effects of such issues and measurement noise have not been considered so far. To address this, an experimental HRA assembly based on the two by two SP configuration is currently being built together with the associated control system, which will help to confirm the practical viability of the HRA under both healthy and faulty situations. In the longer term it will also be important to consider possible applications for HRA and to investigate which design methods and actuation technologies are most appropriate for their manufacture.
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